The melanocortin-3 receptor-deficient (MC3-R −/− ) mouse exhibits mild obesity without hyperphagia or hypometabolism. MC3-R deletion is reported to increase adiposity, reduce lean mass and white adipose tissue inflammation, and increase sensitivity to salt-induced hypertension. We show here that the MC3-R −/− mouse exhibits defective fasting-induced white adipose tissue lipolysis, fasting-induced liver triglyceride accumulation, fasting-induced refeeding, and fasting-induced regulation of the adipostatic and hypothalamic-adrenal-pituitary axes. Close examination of the hypothalamic-pituitary-adrenal axis showed that MC3-R −/− mice exhibit elevated nadir corticosterone as well as a blunted fasting-induced activation of the axis. The previously described phenotypes of this animal and the reduced bone density reported here parallel those of Cushing syndrome. Thus, MC3-R is required for communicating nutritional status to both central and peripheral tissues involved in nutrient partitioning, and this defect explains much of the metabolic phenotype in the model. energy homeostasis | nonesterified fatty acid | corticotrophin-releasing hormone | hormone-sensitive lipase R esearch on the central melanocortin system has focused on the role of the melanocortin-4 receptor (MC4-R) in energy homeostasis, particularly as a result of the hyperphagic obesity syndrome found in both mice and humans with mutations in this receptor (1-3) . A large body of work has demonstrated that circuitry regulated by the MC4-R is essential for much of leptin action and coordinates energy intake with energy expenditure to maintain long-term energy homeostasis (4). In contrast, the melanocortin-3 receptor (MC3-R), expressed in ∼35 different nuclei in the CNS with a pattern distinct from that of the MC4-R (5), has not yet been associated definitively with a human obesity syndrome (6), and the mild obesity syndrome in the MC3-R
R esearch on the central melanocortin system has focused on the role of the melanocortin-4 receptor (MC4-R) in energy homeostasis, particularly as a result of the hyperphagic obesity syndrome found in both mice and humans with mutations in this receptor (1) (2) (3) . A large body of work has demonstrated that circuitry regulated by the MC4-R is essential for much of leptin action and coordinates energy intake with energy expenditure to maintain long-term energy homeostasis (4) . In contrast, the melanocortin-3 receptor (MC3-R), expressed in ∼35 different nuclei in the CNS with a pattern distinct from that of the MC4-R (5), has not yet been associated definitively with a human obesity syndrome (6) , and the mild obesity syndrome in the MC3-R −/− mouse has not yet been explained mechanistically.
In situ hybridization demonstrated the highest expression of MC3-R mRNA in the arcuate nucleus, ventromedial hypothalamus, medial habenula, ventral tegmental area, and raphe nucleus (5) . Not surprisingly, MC3-R mRNA is found primarily in areas of the brain that receive direct innervation from proopiomelanocortin (POMC)-immunoreactive neurons. However, MC3-R also is located on POMC-expressing neurons in the arcuate nucleus (7) , where the receptor may function as an inhibitory autoreceptor on melanocortin signaling (8) .
The obesity syndrome in the MC3-R −/− mouse is unusual, particularly compared with diet-induced obese (DIO) and MC4-R −/− obesity models, which demonstrate hyperphagia, increased lean mass, increased adipose mass across all depots, hyperlipidemia, hyperinsulinemia, hepatic steatosis, and inflammation in white adipose tissue (WAT) (9, 10) . Lipogenic enzyme mRNA levels, such as that encoding fatty acid synthase, are increased in MC4-R −/− and DIO mice (11) and after treatment of WT mice with the dual MC3-R/MC4-R antagonist, SHU9119 (12) but not in the MC3-R −/− mouse (11) . In contrast, deletion of the MC3-R produces an obesity syndrome with a loss in lean mass and increase in adipose mass (13, 14) . Remarkably, although MC3-R deletion does not impact changes in feeding or energy expenditure in response to a high-fat diet (13) (14) (15) , feeding MC3-R-null mice a high-fat diet results in a percentage of body fat similar to that observed in the hyperphagic MC4-R −/− fed a high-fat diet (40-45%) . Despite this gross obesity, MC3-R −/− mice are comparatively resistant to high-fat diet-induced insulin resistance, hepatic steatosis, and inflammation of WAT (11, 15, 16) . Thus, in our first characterization of the MC3-R −/− mouse, we described this mouse as a metabolic model of obesity, without the behavioral hyperphagia seen in the MC4-R-null mice (13) . The double MC3-R/MC4-R −/− mice are 27% heavier than the MC4-R −/− mice, also suggesting independent mechanisms for MC3-R −/− -and MC4-R −/− -induced obesity (14) . In addition to both positive and negative effects on energy balance, a variety of other physiological effects have been reported for the MC3-R. The MC3-R −/− mouse is resistant to the induction of natriuresis by γ-MSH, is sensitive to hypertension induced by a high-salt diet, and displays defects in circadian rhythms (17, 18) . During the course of our studies on obesity in the MC3-R −/− mouse, we found that, although lipogenesis appeared normal, fasting-induced mobilization of fatty acids from adipose tissue was blunted. This observation led to the more detailed analysis of the fasting response, hypothalamic-pituitary-adrenal (HPA) axis, and nutrient partitioning presented here.
Results

MC3-R
−/− Mice Lack Fasting-Induced Nonesterified Fatty Acid Release and Hepatic Triacylglycerol Accumulation. Because no increase in lipogenic gene expression was observed in the MC3-R −/− mouse (11), we sought to determine if differences in lipolysis might explain the increased adiposity. When fasted, WT mice display a rise in serum nonesterified fatty acids (NEFAs) as energy is mobilized from adipose tissue ( Fig. 1A ; P < 0.001). In contrast, a 16-h fast does not increase serum NEFAs in the MC3-R −/− mouse (P = 0.99). Although fasting-induced changes in serum glycerol were not significant, the profiles did follow a pattern similar to that seen with serum NEFAs (Fig. 1B) . In culture the release of fatty acids from adipose tissue explants harvested from fed or fasted animals mirrored serum NEFA concentrations, confirming that a decrease in the release of fatty acids from adipose tissue was responsible for the blunted fasting-induced rise in serum NEFA in the MC3-R −/− mice ( Fig. 1C ; P > 0.05). Capacity for adipose tissue lipolysis was equivalent in fed and fasted WT and MC3-R −/− mice, because explants stimulated with 10 μM isoproterenol released similar amounts of NEFAs (Fig. 1D) . The rise in serum NEFAs associated with fasting results in the accumulation of triacylglycerol (TAG) in the liver during a fast. As expected, fasting increased TAG concentration in the liver in WT mice, whereas in MC3-R −/− mice, coordinate with a lack of fasting-induced serum NEFAs, there was no rise in liver TAG concentration (Fig. 1E) . Evaluation of hormone-sensitive lipase (HSL) within adipose tissue showed that total HSL protein was similar in fed WT and MC3-R −/− mice (Fig. 1F ). However, in the fasted state both total and phosphorylated HSL protein were lower in MC3-R −/− mice than in WT mice (Fig. 1 F and G; P < 0.05 and P = 0.01, respectively). Fig. 1H shows a representative Western blot of the data quantified in Fig. 1 F and G. A fasting-induced decrease in serum glucose was observed in both WT and MC3-R −/− mice but reached significance only in WT mice ( Fig. 2A) . In the fasted state the liver releases glucose derived from glycogenolysis and gluconeogenesis. Liver glycogen decreased significantly in both WT and MC3-R −/− mice, not differing between genotypes in either fed or fasted mice (Fig.  2B) . Hepatic mRNA for two gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK), and glycerokinase increased with fasting in both WT and MC3-R −/− mice ( Fig. 2 C  and D) . Surprisingly, despite an increase in glycerokinase mRNA, glycerokinase activity did not increase significantly in fasted MC3-R −/− mice (Fig. 2E) . Perhaps glycerol release from adipose tissue affects glycerokinase activity posttranscriptionally. Despite a robust disturbance in fasting fatty acid metabolism, there is little evidence that MC3-R deletion affects hepatic glucose production. In the absence of elevated glycerol for glucose production, amino acids from skeletal muscle may serve as a substrate for glucose synthesis. The use of amino acids to maintain blood glucose provides a mechanism for the decrease in lean body mass described previously (13, 14) .
−/− Mice Exhibit Elevated Basal Corticosterone and Defective
Fasting-Induced HPA Axis Activation. After observing the defective lipolytic response to a fast, we sought to determine if there was a generalized defect in the stress response in MC3-R −/− mice. First, basal circulating corticosterone was assessed in the MC3-R −/− mouse before total body weight (BW) diverged from WT controls (Table S1 ). MC3-R deficiency was found to produce a mild hypercorticosteronemia ( Fig. 3A ; P = 0.02). Cushing syndrome is characterized by an elevation of cortisol at the daily nadir, and thus the corticosterone circadian pattern was evaluated in samples collected at zeitgeber times 4, 10, 18, and 22. Circadian corticosterone measurements confirmed that MC3-R deletion elevated circulating corticosterone specifically during the daily nadir but not throughout the remainder of the circadian cycle (Fig. 3B) . Because MC3-R deletion prevented a fasting-induced rise in NEFAs, we also evaluated the stress responsiveness of the HPA axis to fasting and other stressors. Although fasting increased serum corticosterone nearly sixfold in WT mice, it had no effect in MC3-R −/− mice (P = 0.99; Fig. 3C ). mRNA expression of whole hypothalamic corticotrophin-releasing hormone (CRH) was not different in ad libitum-fed MC3-R −/− or WT mice (Fig.  3D) . However, the dysregulation in the fasting-induced rise in corticosterone is paralleled by a defect in fasting-induced upregulation of hypothalamic CRH mRNA in the MC3-R −/− mouse ( Fig. 3D) . The lack of a rise in corticosterone in response to a fast was specific to this nutritional stress, because the response to a meal-entrainment stressor or to restraint stress was independent of MC3-R status ( 
Pituitary and Adrenal Physiology in MC3-R
−/− Mice. Hypercorticosteronemia frequently is associated with pituitary and adrenal tumors (19) , but no visible tumors were found in either pituitary or adrenal glands of 10-mo-old WT or MC3-R −/− mice, and basal serum ACTH levels did not differ. Furthermore, adrenal mass ( Fig. 4A ) and percentage of cortical area ( Fig. 4B ) did not differ in 10-mo-old WT and MC3-R −/− mice. Because MC3-R also is expressed in the adrenal gland, we hypothesized that deletion of MC3-R could affect adrenal ACTH sensitivity directly (20) . We tested adrenal response to ACTH in vivo and ex vivo in an explant culture model. ACTHinduced corticosterone release did not differ in WT and MC3-R −/− mice ( 
Defective CNS Responses to Fasting in MC3-R
−/− Mice. Because neuropeptide Y (NPY) and AgRP peptides play a role in the fasting-induced increase in CRH mRNA (21, 22) , and that the MC3-R −/− mouse displayed a defect in fasting-induced CRH mRNA expression, fasting-induced refeeding and fasting-induced changes in NPY and AgRP mRNA expression were characterized in the MC3-R −/− mouse. Fasting-induced 12-h refeeding was blunted in MC3-R −/− mice (Fig. 5A ). Furthermore, the fasting-stimulated rise in NPY and AgRP mRNA expression was blunted in the MC3-R −/− mouse ( Fig. 5 B and C). Previous work had suggested that the rise in NPY and AgRP resulted from a local increase in T3 production because of increased expression of deiodinase 2 (DIO2) (23) . Fasting-induced up-regulation of DIO2 also is aberrant in the MC3-R −/− mouse (Fig. 5D) . Thus, the lack of a fasting-induced rise in corticoste- rone may result from a blunted rise in orexigenic peptides known to induce CRH mRNA expression during a fast.
MC3-R Deletion Results in Phenotypes Common to Cushing Syndrome.
MC3-R deletion increased nadir serum corticosterone concentrations (Fig. 3B) . Previous studies had shown that MC3-R deletion resulted in features common to Cushing syndrome including increased adiposity, decreased lean mass, decreased immune function, and increased sensitivity to salt-induced hypertension (11, 13, 14, 17) . Our analyses of adipose tissue distribution and bone mineral density (BMD) and strength confirm two additional phenotypes common to hypercortisolemia. Hypercorticosteronemia results in increased adiposity with preferential accumulation of visceral adiposity (24) . Thus, we expected that the hypercorticosteronemia induced by MC3-R deletion would increase total and percent visceral fat mass. As previously described, deletion of MC3-R increased fat mass (P < 0.05) and body fat percentage (P < 0.001) without affecting ei- ther BW or lean mass (Table S1 ). Fat pad analysis showed that deletion of MC3-R increased the mass of all depots examined ( Fig. S1A ; P < 0.05). However, it was evident that, when expressed in relation to total adipose mass, the increase in adipose tissue mass with MC3-R deletion was specific to two visceral depots (Fig. S1B ). There was a 10% increase in epidydimal adipose tissue mass and a very robust 70% increase in retroperitoneal adipose tissue mass (P < 0.05). MC4-R deletion is known to increase both linear growth (1) and BMD (25, 26) , whereas MC3-R deletion was reported previously to decrease linear growth and femur length (14) . In light of other Cushing-like phenotypes, and because hypercorticosteronemia is known to favor bone resorption and limit bone deposition, bone properties were analyzed as previously described (27, 28) in 28-to 32-wk-old male MC4-R −/− , MC3-R −/− , and WT mice. MC4-R deletion increased total whole-body BMD, cancellous area, and polar moment of inertia (Ip) ( Table  1 ). DIO resulted in very similar increases, and thus the main effects of MC4-R deletion on bone are secondary to obesity.
Despite a small increase in total BW at this age, MC3-R −/− mice displayed decreased femur length, BMD, cortical area, and cancellous area relative to WT mice (Table 1) . Ip, a measure of bone strength, decreased 18% with MC3-R deletion (P < 0.001). Thus, MC3-R −/− mice display both the increased adiposity and decreased BMD common to elevated corticosterone.
Discussion
The mild obesity syndrome in the MC3-R-knockout mouse has not yet been explained effectively (13, 14) . In fact, studies have not demonstrated hyperphagia or hypometabolism in these animals (13, 15, 29) , leaving the mechanism of increased adiposity to be determined. In this study, we show a number of specific defects in communication of nutritional status to both the HPA axis and peripheral energy stores that alter nutrient partitioning to increase adiposity. Additionally, we show that MC3-R deletion results in a Cushing-like syndrome with elevated basal corticosterone levels and concomitant effects on adipose tissue distribution and bone remodeling. We report that MC3-R deletion decreases NEFA mobilization from adipose tissue in times of energy deficiency, potentially explaining the increased fat mass despite normophagia and normal energy expenditure. MC3-R −/− mice previously were shown to oxidize less fatty acid than WT mice when fed a low-fat diet but to oxidize similar amounts of fatty acids on a high-fat diet (15) . This observation suggests that the MC3-R −/− mouse normally uses fats from the diet but not from endogenous sources. An inability to mobilize NEFAs for energy would result in a change in lean mass, as previously identified in mature MC3-R −/− mice (14) . We propose that a lack of HPA axis and CRH neuron activation by low energy stores encountered before normal bouts of feeding may gradually result in this altered body composition.
The CRH neurons are activated by both fasting and feeding and thus are uniquely positioned to affect lipolysis and adipogenesis (30, 31) . Paraventricular nucleus (PVN) CRH neurons innervate WAT directly (32, 33) . The PVN neurons that send projections to WAT are innervated by POMC neurons from the arcuate nucleus, which express MC3-R, and by NPY neurons in the nucleus of the solitary tract (31). Although we were unable to find any literature on fasting lipolysis rates in visceral adipose tissue from Cushing patients, it is tempting to speculate that a defect in lipolysis explains the increase in visceral adiposity in humans with the disease.
Mouse models that maintain insulin sensitivity despite excess adiposity consistently exhibit either altered fatty acid metabolism or immune response to fatty acids. The adipose triglyceride lipase (ATGL) −/− mouse, PEPCK-overexpressing mouse, and diacylglycerol acyltransferase 1 (DGAT1)-overexpressing mouse all have decreased circulating lipid profiles and are resistant to obesity-induced insulin resistance (34) (35) (36) . The Toll-like receptor 4 (TLR4) missense mutation mouse and TLR4 −/− mouse have altered macrophage activation in response to lipids (37, 38) , because fatty acid binding to the TLR4 activates macrophages (38) . Together these models suggest that fatty acid release from adipose tissue and subsequent macrophage activation by fatty acids play a role in the development of metabolic syndrome. Therefore, a lack of fasting-induced lipolysis in the MC3-R −/− mouse may explain the reduced insulin resistance and normoglycemia maintained in these animals.
The MC3-R −/− mouse mounts a normal stress response to LPS, restraint stress, and meal entrainment but lacks fastinginduced up-regulation of serum corticosterone (Fig. 3) (39) . We conducted studies to determine the origin of this HPA-axis defect. Specifically we examined the fasting response of hypothalamic CRH and adrenal MC2-R, MRAP, and AgRP mRNA. It has been shown previously that hypothalamic CRH increases with a fast (40) . We show here that a 16-h fast results in twofold up-regulation in hypothalamic CRH mRNA in the WT mouse that is completely absent in the MC3-R −/− mouse (Fig. 4B) . Thus, the lack of a corticosterone response to fasting appears to be centrally mediated. Because ACTH up-regulates MC2-R (ACTH receptor) through a cAMP-dependent feed-forward mechanism and because fasting is known to regulate MC2-R expression (41, 42) , we monitored the fasting-induced up-regulation of MC2-R. A 16-h fast increased MC2-R mRNA in WT mice but failed to have any effect on MC2-R mRNA expression in MC3-R −/− mice. We also observed a fasting-induced up-regulation of MRAP mRNA in WT mice that did not exist in MC3-R −/− mice. Finally, we monitored AgRP mRNA, because adrenal AgRP expression is up-regulated during a fast and is thought to play a role in controlling corticosterone release (43, 44) . Similar to both MC2-R and MRAP, AgRP mRNA was up-regulated by fasting in WT mice but not in MC3-R −/− mice. Thus, both the hypothalamic and adrenal responses to fasting are blunted in the MC3-R −/− mouse.
A previous study demonstrated that CNS-specific deletion of POMC resulted in elevated basal corticosterone levels as well as elevated hypothalamic CRH (45) . The data presented here are consistent with this finding and suggest that the MC3-R may mediate this effect. Daily nadir corticosterone levels in the MC3-R −/− mouse are two-to threefold higher than in control littermates. However, corticosterone concentrations during the remainder of the circadian cycle remain normal (Fig. 2B) . Similarly, some Cushing syndrome patients have elevated nadir and normal peak cortisol concentrations (46) . In a previous study that reported normal corticosteronemia in the MC3-R −/− mouse, samples were collected in the afternoon, well after the circadian nadir of corticosterone concentrations (13) . The differences in nadir corticosterone were not explained by adrenal mass, cortical area, or adrenal ACTH response.
Additional studies will be required to determine whether deletion of the MC3-R produces a measurable difference in CRH mRNA or peptide levels exclusively in the PVN, because only whole hypothalamic levels were examined in this study. Interestingly, the ventromedial hypothalamus, one of the hypothalamic sites where MC3-R is most abundant (5), also has been implicated in regulation of adrenocortical function (47) . Thus, a non-CRH-mediated mechanism leading to elevated basal corticosterone in the MC3-R −/− is possible also. In fact, it is possible that MC3-R deletion from the adrenal gland results in hypercorticosteronemia by eliminating the ability of AgRP to induce its paracrine inhibitory effects on corticosterone (20, 44) .
Previous studies from this laboratory and others have published phenotypes in the MC3-R-deficient animal that also are seen in Cushing syndrome. Specifically, MC3-R −/− mice have been shown to exhibit increased adiposity, a deficit in lean mass relative to other obese mouse models, decreased immune function as demonstrated by decreased WAT inflammation, and saltsensitive hypertension (11, 13, 14, 17) . Because reduced bone mass is a classic phenotype of Cushing syndrome, we analyzed bone properties in the MC3-R −/− mouse. However, because of the increased adiposity of MC3-R −/− mice and known effects of adipose-derived hormones in bone remodeling (48, 49) , we also analyzed bone phenotypes in two additional obese models, the MC4-R −/− and the DIO mouse. Both diet-induced and genetic obesity increase BMD and bone strength. Despite elevated adiposity and a modest increase in BW, the MC3-R −/− mouse has reduced bone strength, reduced cortical and cancellous area, and reduced Ip compared with age-and sex-matched WT mice (Table 1) . With increased visceral adiposity, decreased lean mass, depressed obesity-associated inflammation, salt-sensitive hypertension, and a decrease in bone mass and strength, it is reasonable to assume that much of the MC3-R −/− phenotype could be explained by elevated nadir corticosterone, as is the case in Cushing syndrome.
However, the previously reported increase in insulin sensitivity despite obesity does not appear to correlate well with the perceived effects of Cushing syndrome on insulin sensitivity. This difference may result from the long-term obesity commonly expressed before a diagnosis of Cushing syndrome. It is possible that Cushing patients also maintain enhanced insulin sensitivity early in their obesity, because the MC3-R −/− mouse does become insulin insensitive after an extended exposure to high-fat diet.
Fasting-induced refeeding was blunted in the MC3-R −/− mouse. Fasting-induced refeeding is also impaired in the NPY −/− , DIO2 −/− , and uncoupling protein 2 (UCP2) −/− mice (23, 50, 51) . Interestingly, a single pathway has been proposed to be responsible for the altered fasting-induced refeeding in the NPY-, DIO2-, and UCP2-knockout models. Coppola et al. (23) elegantly describe a pathway whereby arcuate nucleus glial cells convert T4 to T3 via DIO2. T3 induces mitochondrial upregulation of UCP2 in NPY neurons, thereby increasing their activity and increasing feeding drive. The authors suggest that the rise in DIO2 is corticosterone dependent. However, we suspect that this rise is corticosterone independent, because adrenalectomy does not prevent fasting-induced up-regulation of NPY and AgRP (52) .
Because MC3-R is expressed throughout the arcuate nucleus in both POMC (rostral→caudal; 55-28%) and NPY/AgRP (rostral→caudal; 43-13%) neurons (7), we evaluated this pathway in the MC3-R −/− mouse. We show here that deletion of the MC3-R gene blunts the fasting-induced up-regulation of DIO2, NPY, or AgRP gene expression. We propose that the blunted fasting-induced CRH response results from a blunted NPY and AgRP response. Intracerebroventricular injection of either AgRP or NPY ICV has been shown to increase corticosterone (21, 22) . Surprisingly, the MC3/4-R agonist MTII also increases circulating corticosterone (53) . Although, initially it appears contradictory for corticosterone to be up-regulated by both anorexigenic and orexigenic neuropeptides, the data parallel the activation of the HPA axis by both fasting and high-fat feeding.
Results from these studies provide a more comprehensive understanding of the obesity syndrome seen in the MC3-R −/− mouse and suggest a specific role for MC3-R-containing circuits in communicating nutritional status to the HPA axis and in appropriately regulating nutrient partitioning from WAT to liver in response to fasting.
Materials and Methods
Animals and Husbandry. All animals used were male MC3-R −/− or WT C57BL6/J mice (13) . Mice used in the fasting studies, restraint stress studies, body composition studies, and fat depot analysis studies were 12-14 wk of age. Mice used for the bone density analyses were 28-32 wk of age. MC3-R Sample Collection and Storage. For all studies that ended in mice being killed, animals were anesthetized with halothane or isoflurane using the bell jar method. Once fully anesthetized, mice were killed by decapitation, and trunk blood was collected. Immediately following collection, blood was placed on ice and allowed to clot, and serum was isolated by centrifugation. Serum was stored at −20°C for analysis of NEFA, glycerol, and glucose using commercially available kits (Wako Diagnostics; Pointe Scientific, Inc.). Serum collected for corticosterone analyses was stored at −80°C until analyzed using an enzyme immunoassay (EIA) kit (Assay Designs). Whole hypothalamus and liver samples were collected, frozen on dry ice, and stored at −80°C. Adipose tissue was collected for explant culture as described below.
Fasting Studies. Male MC3-R −/− and WT mice, 12-14 wk of age, were maintained on normal mouse chow (Purina 5001) or fasted overnight (16 h). At 10:00 AM animals were killed.
Restraint Stress Studies. Male MC3-R −/− and WT mice, 12-14 wk old, were placed in 50-mL conical tubes with air holes and were kept restrained for 5 min. Control animals were not handled. At the end of the 5-min restraint animals were returned to their home cages. Thirty minutes after return to the home cage, trunk blood was collected as described previously.
Fast-Refeed Studies. Male MC3-R −/− and WT mice, 12-14 wk of age, were fasted overnight (16 h). At 1000 h animals were provided a weighed amount of food. At 2200 h food was weighed again, and intake was calculated as the difference in food weight from 1000 h to 2200 h.
Adipose Explant Culture. Adipose tissue was collected into tubes containing 0.1 M PBS for analysis of in vitro lipolysis (54) . Briefly, visceral WAT was washed several times with 0.1 M PBS. The tissue then was dissected into pieces (15-25 mg) and incubated for 1 h at 37°C in 250 μL phenol red-free DMEM with 2% (wt/wt) fatty acid-free BSA (Sigma-Aldrich). After 1 h incubation, tissue explants were moved to identical fresh medium for an additional 1-h incubation in the presence or absence of 10 μM isoproterenol (36) . Upon completion of the second 1-h incubation, medium was collected and stored at −20°C until analysis for NEFAs using the commercially available kit previously mentioned. The tissue was washed several times in 0.1 M PBS, placed into a tube containing 300 μL 0.3N NaOH with 0.1% SDS, and sonicated. Because the protein assay is sensitive to lipids, lipids were extracted from the sample by vortexing with an equal volume (300 μL) of 40% trichloroacetic acid and 300 μL of an ice-cold 50:50 mixture of ethanol and diethyl ether. Samples were centrifuged for 10 min at 11,500 × g, and supernatant was discarded. After 10 min of drying, the pellet was resuspended in 300 μL 0.3N NaOH with 0.1% SDS for analysis of protein using the bicinchoninic acid (BCA) protein analysis kit (Pierce).
Liver TAG Analysis. Whole liver, collected as described above, was ground using a liquid nitrogen-cooled mortar and pestle. Total liver lipids subsequently were extracted from a sample of the powdered liver using a previously described method (55) . Liver lipids were redissolved in a 9:4:2 ratio of t-butanol, Triton X-114, and methanol for analysis using the triglyceride GPO kit (catalog no. T7532; Pointe Scientific).
Total Adrenal and Adrenal Cortex Area. Both adrenal glands were collected in formalin and subsequently were embedded in paraffin for slicing by the Vanderbilt University Medical Center Immunohistochemistry Core Laboratory. Every fifth 5-μM slice was collected on a glass slide. Slides were H&E stained so that adrenal cortex and medulla could be distinguished easily.
Pictures were collected at 10× magnification using a Zeiss Imager.Z1 microscope equipped with an AxioCam MRm (Carl Zeiss MicroImaging, Inc). Total adrenal area and cortical area were quantified using Image J software (56) . Percent cortical area was calculated using the three images that had the greatest total adrenal area.
ACTH Response. Mice were monitored for in vivo corticosterone response to i.p. injection of ACTH in 0.1 mL saline/10 g BW (10 μg/kg BW) or saline alone. One hour after injection mice were killed by decapitation under isoflurane anesthesia, and trunk blood was collected. Serum was collected after blood was allowed to clot overnight at 4°C and was spun at 3,000 × g for 30 min. Serum corticosterone was measured using an EIA kit (Assay Designs).
To monitor ex vivo ACTH response, we collected both adrenals and quartered them. Two adrenal quarters were put into each of three wells of a 96-well plate with 100 μL of Ringer buffer (pH 7.2) on ice. One hour later medium was changed in all wells, and the quartered adrenals were incubated at 37°C with 0, 0.02, or 0.2 IU ACTH/100 μL. Media and adrenals were collected. Media were analyzed for corticosterone as described above, and total adrenal protein was analyzed using the BCA assay kit (Thermo Scientific).
Real-Time PCR Analyses. Male MC3-R −/− and WT 12-to 14-wk-old mice were fed or fasted for 16 h (WT, n = 12; MC3-R −/− , n = 9) and were killed immediately by cervical dislocation under isoflurane anesthesia. Hypothalamic tissue for analysis of CRH, NPY, POMC, AgRP, and DIO2 and adrenal tissue for analysis of MC2-R, MRAP, and AgRP mRNA expression were collected, frozen immediately on dry ice, and stored at −80°C. RNA was extracted from the adipose tissue using TRIzol reagent (Invitrogen), followed by cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the manufacturer's instructions. Taqman gene-expression assays (primer/probe sets) specific to mouse were purchased from Applied Biosystems and run in duplicate on 96-well plates according to the manufacturer's instructions on a Taqman 7300 instrument (Applied Biosystems). Data were adjusted for efficiency of amplification using the LinReg PCR program. Gene expression for each target was normalized to 18S or ACTB mRNA. Samples were adjusted for efficiency Western Blot. Samples were homogenized in 10 mM Tris·HCL (pH 6.8) with 2% SDS, PhosSTOP phosphatase inhibitor (Roche Diagnostics), and EDTA-free Complete Protease Inhibitor (Roche Diagnostics). Primary antibodies used were rabbit anti-HSL (1:10,000) (Cell Signaling), rabbit anti-phospho (Ser660)-HSL (1:1,000) (Cell Signaling), and mouse anti-β-tubulin (1:2,500) (Developmental Studies Hybridoma Bank, E7 ascites). Secondary antibodies were HRP-conjugated donkey anti-rabbit and donkey anti-mouse (1:2,000) (Jackson ImmunoResearch). Blots were exposed to SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology), and signal was visualized on film. Signal was quantified using ImageJ, and phospho-HSL and HSL expression were normalized to β-tubulin expression (56).
